A simple and highly selective method was developed for the routine determination of trace or ultratrace amounts of gold and palladium in geological and metallurgical samples. The method uses flow injection on-line preconcentration and separation with determination by flame atomic absorption spectrometry. Au and Pd in the sample are adsorbed on a 2-mercaptopyrimidine chemically modified silica gel (MPMSG) packed microcolumn in a 0.50M HCl medium and then eluted with 0.5 or 1.0% thiourea solution. The eluates are introduced into the flame atomic absorption spectrometer directly. With the use of a 0.85 mL microcolumn (about 0.14 g MPMSG packed), the present system tolerated concentrations of common base metal ions up to 25.0 mg/mL and concentrations of anions up to 100.0 mg/mL when Au(III) at 0.100 mg/mL and Pd(II) at 0.200 mg/mL were preconcentrated for 60 s with a sample flow rate of 5.0 mL/min. The limits of detection were 3.1 ng/mL for Au(III) and 6.1 ng/mL for Pd(II) with relative standard deviations of £2.5%. The analytical results obtained by the proposed method for geological and metallurgical samples were in good agreement with the certified values.
T he separation and determination of trace or ultratrace amounts of noble metals in geological, technological, and environmental samples are difficult because of the limited concentrations of these metals in nature, and various interferences in both the separation and determination procedures. Even with the high sensitivity and selectivity of modern instrumental techniques, such as atomic absorption spectrometry (AAS), inductively coupled plasma-atomic emission spectrometry (ICP-AES), inductively coupled plasma-mass spectrometry (ICP-MS), and neutron activation analysis (NAA), separations are necessary because of the complex compositions of the materials (1) (2) (3) (4) .
Flow injection (FI) on-line preconcentration and separation with a microcolumn is an attractive technique in the analysis for trace and ultratrace metals. The FI technique has shown excellent repeatability, compared with off-line procedures, and requires a minimum consumption of time, sample, and reagents. The closed system reduces the risk of laboratory contamination, offering the possibility of lower detection limits (5) . In addition, FI on-line preconcentration coupled with flame atomic absorption spectrometry (FAAS) has been shown to be a valuable technique in view of the enhanced sensitivity, the efficient removal of matrix, the low cost of FAAS equipment, and the substantially higher sample throughput achieved (5) (6) (7) .
Most of the classical separation and preconcentration techniques used in off-line systems can be used for on-line determinations. Among these on-line preconcentration and separation techniques, those that use a microcolumn are the simplest. Ion exchange and chelating adsorbent extraction based on organic materials are often used successfully for the FI on-line determination of Au(III) (8) (9) (10) (11) (12) (13) (14) (15) and Pd(II) (16, 17) by AAS. However, the analytes are quantitatively adsorbed only at relatively low acidity, i.e., £0.1M (8-12, 14, 15) or when warm thiourea solution (13) is used as the eluant. Furthermore, the tolerance for coexisting ions is £2.0 mg/mL in these methods.
Chemically modified silica gel has been widely used as a column packing for liquid chromatography because of its porous structure, large surface area, and low swelling (18) . Silica gel-immobilized chelating groups are becoming increasingly more important for the preconcentration and separation of metal ions from aqueous solutions (19) .
The purpose of the work described in this paper was to develop a simple, sensitive, and selective FI on-line preconcentration and separation procedure for the routine determination by FAAS of trace amounts of Au and Pd in geological and metallurgical samples. To reach this goal, a 2-mercaptopyrimidine chemically modified silica gel (MPMSG) was prepared and used as a highly selective microcolumn packing in the on-line preconcentration and separation of Au(III) in 3 geological samples and Pd(II) in a sec-ondary nickel alloy, an anode slime, and a CoCl 2 electrolytic solution for their determination by FAAS. The spectrometer was operated in the flame mode with a time constant of 0.5 s for peak evaluations. All results were evaluated by using the peak area absorbance mode because of its higher precision compared with that of the peak height absorbance mode. 3 Pa, and 2-mercaptopyrimidine (MPM; Fluka Chemika, Germany) was used without treatment.
Experimental

Instrumentation
All other reagents used were analytical-reagent grade. Distilled water was used throughout. Preparation of Sorbent (a) Aminopropyl silica gel (APSG).-Prepared from silica gel and (-aminopropyltriethoxysilane as described previously (20) . Silica gel was pretreated by refluxing in 6M HCl for 3 h. It was then washed with distilled water until the washes were neutral and dried at 110°C under vacuum before use.
(b) MPMSG.-Prepared by the following procedure: 27 g APSG, 80 mL 95% ethanol, 6.8 g MPM, and 6.0 mL 37% formaldehyde solution were combined in a 250 mL 3-neck flask equipped with a reflux condenser, a thermometer, and an agitator. The mixture was refluxed with agitation for 6 h. The contents were cooled to room temperature, and the resulting product was filtered off and washed with ethanol several times. The adsorbent was placed in a Soxhlet extractor and extracted with 95% ethanol to dissolve the free MPM. The light yellow adsorbent was dried under infrared (IR) radiation for later use. The preparation of MPMSG is shown schematically in Figure 1 .
Sample Pretreatment
A 2.0 g accurately weighed portion of nationally certified ore sample (GBW07204, GBW07205, and GBW07206) in a nickel crucible was roasted in an electric muffle furnace at 650°C for 30 min and then dissolved in 20 mL aqua regia by heating on an electric hot plate. When the residue was nearly dry, 20 mL 0.5M HCl was added. The solution was filtered into a 100 mL calibrated flask. The filter paper and residue were washed with 0.5M HCl several times, and the washes were added to the same flask. The filtrate was diluted to volume with water.
A 2.0 g portion of secondary nickel alloy was fused with 2 g Na 2 CO 3 -Na 2 O 2 (1 + 1) in a porcelain crucible at 700°C for 10 min, the contents of the crucible were dissolved in 0.5M HCl, and the solution was filtered into a 100 mL calibrated flask.
The anode slime was treated in the same way as the ore samples, but without the roasting procedure.
Procedures
The FI manifolds were set up as shown in Figure 2 , and the FI operating sequence in Table 1 was used as described previously (20, 21) . With the injection valve at Fill position, the blank solution (0.5M HCl) was pumped through the column at a flow rate of 5.0 mL/min for 30 s to eliminate the eluant that remained from the last elution. Then the sample solutions [containing Au(III) at 0.100 mg/mL and Pd(II) at 0.200 mg/mL] were loaded onto the column at a flow rate of 5.0 mL/min for 60 s, and the blank solution was pumped through the column for another 30 s to remove the residual sample matrix from the column. The valve was turned to the Inject position, and the eluant was pumped through the column in the reverse direction to the flame atomic absorption spectrometer at a flow rate of 1.8 mL/min for 20 s to elute the analytes adsorbed on the microcolumn. The peak area absorbances of Au and Pd were measured.
Results and Discussion
Influence of Acidity
The influence of sample acidity on the preconcentration of the noble metal ions was investigated at a sampling flow rate of 5.0 mL/min with 60 s preconcentration time for solutions containing Au(III) at 0.100 mg/mL and Pd(II) at 0.200 mg/mL (Figure 3) . The effects of the acid concentrations on the peak area absorbances of Au and Pd were not significant in the acidity range of 0.2-3.0M HCl. The maximum peak area absorbances of Au(III) and Pd(II) were obtained with 0.5M HCl. Consequently, a sample acidity of 0.5M HCl was used as the preconcentration medium for Au and Pd in all further experiments.
Desorption
The influence of the concentration of thiourea on the absorbances of Au and Pd is shown in Figure 4 . It shows that Au and Pd are eluted efficiently with thiourea solution in the concentration range of 0.5-5.0%. The peak area absorbance of Au achieved the maximum value when the 0.5% thiourea solution was used as the eluant, and the maximum value for Pd was obtained with 1.0% thiourea solution. The effect of acid on the elution was also investigated ( Table 2 ). The results show that HCl and HNO 3 at concentrations of 0.5-3.0M have a slight influence on the absorbance of Au but the, absorbance of Pd is influenced more seriously when the eluant is 3.0M HCl or HNO 3 . Therefore, 0.5 and 1.0% thiourea solutions were used as eluants for Au and Pd, respectively.
Flow Rate
The response increases when the sample loading flow rate is increased. A high flow rate of eluant shortens the elution periods and gives sharper peak signals. Therefore, the effects of the flow rate of sample loading and elution were investigated. The absorbances increased with increases in the sample loading flow rate within the range studied (1.8-5.0 mL/min), and The effects of the elution flow rate on the peak area were also investigated, and the results showed that the peak area absorbances of Au and Pd decreased with increases in the elution flow rate from 1.8 to 5.0 mL/min. Therefore, 5.0 mL/min was used as the sample loading flow rate, and 1.8 mL/min was used as the elution flow rate for Au and Pd in the other experiments.
There was no obvious difference between the absorbances obtained after a 20 s period of matrix removal and those obtained after 30 s. A period of 20 s removed the sample matrix efficiently. In order to make the proposed method applicable to most real samples, a 30 s period of matrix removal was chosen for further experiments.
Interference Study
The effects of the metal ions coexisting with noble metals and the anions Cl above at 100.0 mg/mL (added as sodium salts) did not interfere with the preconcentration and determination of Au(III) and Pd(II). The effect of other noble metal ions and the effects of Au(III) and Pd(II) on each other were also tested ( Table 4 ).
The results showed that 100-fold excesses of other noble metal ions did not interfere with the determination of Au(III) and Pd(II). The chelating adsorbent tolerated even larger quantities of the added ions; it could be used to preconcentrate the trace metals in alloy and electrolyte sample solutions, which have a high content of base metal ions. Therefore, MPMSG is a very suitable material for the on-line preconcentration and separation of Au and Pd from complex samples.
Effect of Concentration
We also studied the preconcentration and determination of lower concentrations of Au(III) and Pd(II). To compare the results conveniently, longer preconcentration times were used for lower concentrations of the analytes so as to maintain the same amounts of analytes passing through the microcolumn. The results are shown in Table 5 . The peak area absorbances of Au(III) and Pd(II) increased with the increase in the sample loading time, possibly because the washing time (30 s) was not long enough to completely remove the residual eluant in the microcolumn before sample loading so that the analytes in the first portion of the sample solution could not be adsorbed efficiently. The shorter the sample loading time used, the greater the analyte loss occurred. Thus, the adsorption efficiency for longer sample loading times was higher. However, a 30 s washing period was chosen in the present work as a compromise between sensitivity and sampling frequency because a further increase in washing time might decrease the sampling frequency.
Performance
The stability of MPMSG is good. After 1000 adsorption and desorption cycles, its adsorption properties did not change. The saturated adsorption capacities of Au(III) and Pd(II) calculated from the breakthrough curves were 0.094 and 0.194 mmol/g, respectively [Au(III) and Pd(II) at 7.5 mg/mL with a sampling flow rate of 3.7 mL/min]. The characteristic data for the analytical performance of the proposed FI on-line microcolumn separation and preconcentration system for the determination by FAAS are summarized in Table 6 . The relative standard deviations were 1.2 and 2.1% for Au(III) at 0.100 mg/mL and Pd(II) at 0.200 mg/mL, respectively. The limits of detection (LODs) were calculated as the amounts of the analytes required to yield net peak areas that were equal to 3 times the standard deviation of the background signals (3s). The LOD values obtained for the preconcentration of Au(III) and Pd(II) are 3.1 and 6.1 ng/mL, respectively, with a sample loading flow rate of 5.0 mL/min for a 60 s sample loading time.
To test the accuracy and the applicability of the proposed method to the analysis of real samples, we analyzed some geological and metallurgical samples. The results, reported as the average of 3 separate determinations, are shown in Tables 7  and 8 . The analytical results are in good agreement with the certified values.
Conclusions
The FI on-line preconcentration and separation system using an MPMSG microcolumn for determination by FAAS has shown promise for the routine determination of trace amounts of Au and Pd in samples with complicated and variable matrixes because of its simplicity, high efficiency, and good selectivity and accuracy. The chelating adsorbent tolerated the interferences of base metal ions at concentrations of >25.0 mg/mL and anions at concentrations of >100 mg/mL. It is expected that lower LODs could be obtained if a higher sample loading flow rate and/or a more sensitive analytical instrument were used. 
